The flow patterns generated by a pulsating jet used to study hydrodynamic modulated voltammetry (HMV) are investigated. It is shown that the pronounced edge effect reported previously is the result of the generation of a vortex ring from the pulsating jet. This vortex behaviour of the pulsating jet system is imaged using a number of visualisation techniques. These include a dye system and an electrochemically generated bubble stream. In each case a toroidal vortex ring was observed. Image analysis revealed that the velocity of this motion was of the order of 250 mm s -1 with a corresponding Reynolds number of the order of 1200. This motion, in conjunction with the electrode structure, is used to explain the strong 'ring and halo' features detected by electrochemical mapping of the system reported previously.
Introduction
The investigation of the characteristics of a pulsating jet [1] [2] [3] for hydrodynamic modulated voltammetry (HMV) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] applications has been reported in a number of previous articles. In brief, the apparatus (an inverted funnel and a narrow (~ 2 mm in diameter) jet orifice, produces a reproducible hydrodynamic pulse of liquid which can, in combination with electrochemical apparatus, be useful. For example, this approach has been used to investigate HMV behaviour of a variety of redox systems [2, 3, 18] . In addition, the detection limit of the system [3] and its use to investigate nanostructured [19] [20] [21] electrodes has been demonstrated [1] . However, in the course of previous investigations, mapping of the electrochemical response of the system identified some unusual characteristics [2] . First, the current pulses produced by this apparatus exhibited a strong 'ring' like relationship with the edge of the jet mouth [2] . Second, the size of the electrode surround (or support) also affected the mapping data, with a 'halo' effect detected. Third, the HMV response of the jet could be detected at a considerable distance (~1 cm) from the mouth of the jet. While these observations do not affect the operation of the apparatus as a HMV system, they do require further explanation. This is the subject of this manuscript. In order to investigate these observations further, a set of experiments were performed to image the flow patterns produced by the pulsating jet. There are many examples in the literature [22] [23] [24] [25] (see ref [25] for general examples) where flow visualisation has been achieved through the use of a variety of different approaches, the experiments described here utilised dye species and gas bubble generation in efforts to visualise the flow of material from the jet into the bulk solution and then onto an electrode support [25, 26] . These two techniques were chosen as they enabled detailed imaging of the first pulse (in the case of the dye system) or an investigation of the repeated fluid flow as a result of the pulsating jet (in the case of the bubble tracer method). In addition it should be noted that the flow generated in this system is periodic in nature. A brief discussion of these techniques and the results of experiments performed on the pulsating jet system will now be presented.
Materials and Methods
The experimental arrangement used in this work and specifically its operation to gather useful hydrodynamic modulated voltammetric data has been reported previously. The modulated jet was generated by forced oscillation of a ~3.5 cm radius membrane attached to the base of an inverted funnel. The neck of the funnel was then pulled into a 2 mm diameter jet orifice. Oscillation of the membrane was driven by a mechanical shaker (a Model V4, Signal Force, Data Physics Ltd) attached to the centre of a piston/membrane assembly (note although the piston assembly provided significantly improved HMV performance when compared to the membrane system, both will be used in the results discussed here). Figure 1 shows a schematic of a section of the pulsating jet apparatus imaged in the experiments reported here with particular reference to the region of direct interest where the imaging and electrochemical scanning experiments where concentrated [2] . Note variants of the complete apparatus can be found described previously in more detail [1] [2] [3] . In order to measure the displacement of the base of the apparatus, the mechanical coupling between the shaker and the membrane or membrane/piston assembly incorporated a single axis accelerometer [18] (Model 3100B, Dytran Instruments, Inc., sensitivity 99.3 mV g -1 ). This enables access to the magnitude of motion of the membrane/piston which in turn can be used to estimate the fluid flow at the jet orifice. In order to achieve this estimation the signal from the accelerometer was conditioned with an amplifier (Model 4105C, Dytran Instruments, Inc.) and recorded on an oscilloscope (Techtronixs, TDS 2014, 1GS/s, 100 MHz). The shaker was driven using a Signal Force 30W Power amplifier, Model PA 30E, Data Physics Ltd) which is in turn supplied by a function generator (TGA12101 100 MHz Arbitrary Waveform generator, TTi Ltd). In all cases the frequency of oscillation of the membrane/piston assembly, and hence jet, was set to 16 Hz. The zero-to-peak displacement amplitude of the centre of the piston or membrane is stated in the appropriate figure legend. Positioning of the electrode with respect to the jet orifice was controlled using an XYZ stage (Zaber, 60 mm travel, resolution 0.1 µm, TLA 60A actuators connected to TSB 60-M stages). Figure 1 shows a schematic of the apparatus used in the imaging experiments. Two approaches to the visualisation of the flow from the jet were employed. First, the entire volume within the inverted funnel was filled with water coloured with a dye. The outer volume was then carefully filled with pure water. Imaging of the flow was then performed as the shaker was activated. Typically the first pulse only was recorded using this method.
Second, a Pt microwire (50 µm in diameter, Advent research materials) was incorporated in the neck of the inverted funnel. In order to do this, the glass funnel was first cut ~ 1 cm from the jet exit and the 50 µm diameter Pt wire glued using fast set epoxy resin, laterally across the neck of the main body of the funnel. Finally the jet exit was reattached using fast set epoxy to complete the flow apparatus. Care was taken to ensure that the glue did not protrude into the flow path within the neck of the inverted cone. In addition the choice of the 50 µm diameter wire also ensures that as little perturbation as possible on the flow in this region was generated. Note that this is supported by the close correlation between dye and bubble tracer experiments (see later images). Figure 1 also shows the region imaged using a high-speed camera in order to understand the flow generated in more detail.
Electrochemical bubble generation was then achieved by applying a suitable current controlled with a voltage source (Maplin) between the Pt microwire and a Pt gauze electrode placed in the upper chamber of the pulsating jet system. A Photron APX RS high-speed camera with a Navitar 12x lens was used to record the high-speed images. In these experiments the apparatus was backlit and side lit with a LED light source and 20 W halogen lamp respectively. Solutions were prepared using a Purite Select (Ondeo) water purification system (resistivity typically >15 M cm and a TOC < 10 ppb according to the manufacturer). Sr(NO 3 ) 2 (Aldrich, 99+%) and red food dye (Super Cook) were used as received. The solutions were at room temperature (20-25 0 C) and the experiments were performed under aerobic conditions. Figure 2 shows a set of images taken, with respect to time, of the neck of the pulsating jet (note the solid black line towards the top of each image in (a) represents the air/liquid interface). In this case the funnel section of the apparatus was filled with water coloured with a red dye while the upper chamber was filled with purified water (see figure 1 ). In this case some loss of the dyed volume is seen at the neck of the jet itself (see figure 2 (a), A1). The mini-shaker was initiated and the region around the neck of the jet imaged. Under these conditions liquid can be seen to be ejected from the jet exit as expected and is seen to emerge from frame A2 onwards.
Results and discussion
However, the shape of the ejected plume is of interest. The edges of the plume can be seen to wrap around to form a toroidal vortex which then travels through the liquid [27, 28] Analysis of the images shown in figure 2 shows that under these conditions the value of U was 20.6 cm s -1 (see images A5-D5) while the diameter of the vortex, d v , was ~0.27 cm. Using these parameters and assuming a kinematic viscosity of water [29] of the order of 0.01 cm While these images are extremely useful in assessing the shape of the fluid flow leaving the jet during its operation, this fluid dye technique has some limitations.
First, in this system only the first ejection of liquid and vortex formation can be seen.
Subsequent jet action was less clear as fresh fluid was drawn into the mouth of the jet and then ejected. Second, it is difficult to image the flow patterns precisely within the vortex itself using the dye technique. As an alternative method a bubble tracer system was deployed in the apparatus. Here a 50 µm diameter Pt microwire was E J incorporated in the neck of the apparatus (see figure 1 for the position of the microwire with respect to the exit of the jet). This required the jet section of the inverted funnel to be removed and the microwire glued horizontally across the circular section of the neck (~ 1 cm from the jet itself and not shown in the highspeed images to follow). The tip (jet) was then reattached to the funnel to complete the system. This apparatus allowed for bubbles to be generated electrochemically from the wire. These gas bubbles could then be imaged when the pulsating jet was in motion. Note in order to do this the system was lit from both the back and the side. This was found to improve the clarity of the images obtained. Figure 3 . In addition to the advantage of imaging the velocity of bubbles trapped in the orbital motion of the vortex, the bubble tracer method can also be used to observe the repetitive behaviour of the vortex generation. In this case vortices were observed to be generated on each outward pulsation of the jet as expected. In these experiments the bubble tracer method has clear advantages over the single shot dye method.
Returning to the dye method, as discussed earlier, this has been shown to be suited to the visualisation of the first fluid pulse but it is also useful in imaging the effects of the electrode substrate on the vortex motion in the system. This is an important factor as this pulsating jet approach has been suggested for use in HMV analysis. Figure 4 shows the initial generation of a vortex (note again only the first vortex is clear with this method), its subsequent motion through the liquid (see frames A4 to D4 for example) and finally, its impact on an electrode support. In this case a Pt electrode (500 µm diameter) embedded in a 0.45 cm diameter glass sheath was employed. However, several key differences can be gathered from these images. First, as the vortex approaches the solid/liquid interface of the electrode its diameter increases. This is as expected and has been documented in the literature [27] . Second, on impact with the solid/liquid support of the electrode, a set of vortices are generated. These secondary vortices (see ref [27] for example) can rotate in differing directions compared to the primary vortex [30] . The diameters of these vortices is clearly significantly larger than the primary vortex. Finally it is of interest to link these visual observations with the electrochemical experiments reported previously [2] . Figure 5 shows a comparison of the electrode (see figure 5 (a) ), the vortex generated by the apparatus (see image in figure 5 (b) ) and the HMV data taken in the XZ plane of the apparatus (see figure 5 (c) ). in the XY plane previously [2] and labelled 'R' in figure 5(b) ) associated with the jet perimeter and a further feature (labelled 'H') when the jet edge crosses the edge of the glass electrode support (this was denoted as a 'halo' effect [2] ). Clearly the region of mass transfer enhancement seen in the electrochemical data appears to coincide with the position of the vortex and its interaction with the electrode and the electrode substrate. In particular the 'ring' effect is associated with the position of the vortex itself which in turn is positioned at the edge of the jet mouth. This is detected when the vortex ring interacts with the electrode at 'F1' (see figure 5(a) ).
Lastly, the 'halo' effect noted previously [2] Presumably under these circumstances either the vortex is no longer restricted by the presence of the solid/liquid interface of the electrode and its suppport (as previously noted when a vortex impacts on a solid/liquid interface) or it interacts with the edge of the electrode support causing an enhanced rate of mass transfer at the electrode itself. Clearly under these conditions an increase in the local mass transfer experienced by the electrode is detected. These findings, and those described previously [1] [2] [3] , pertain to the pulsating flow induced in this experimental set up and the periodic vortex that is generated. However, they are also of interest to other experimental arrangements. For example Unwin et al. also noted an unexpected ring effect [32, 33] when using a microjet [34] electrode. In this case the fluid flow was maintained (as opposed to pulsed, as described here). In later work the flow patterns from an impinging jet were imaged [26] and simulated [35, 36] with vortex rings (under steady flow conditions) discussed [36] .
Conclusions
The results shown here clearly demonstrated that the pulsating jet apparatus gives rise to the generation of a repetitive vortex ring which travels through the liquid and impinges on the surface of the electrode. This vortex has a Re value of the order of 1200 in free liquid and is observed to slow on approach to the electrode substrate.
On impingement with the electrode/electrode support, further enlargement of the vortex was observed with the consequent generation of secondary/tertiary vortices.
Finally the position, size of the vortex generated and the electrode support appears responsible for the ring and halo effect described previously [2] . 
